Solriamfetol (JZP-110), a selective dopamine and norepinephrine reuptake inhibitor with wake-promoting effects, is renally excreted ß90% unchanged within 48 hours. Effects of renal impairment and hemodialysis on the pharmacokinetics and safety of 75-mg single-dose solriamfetol were evaluated in adults with normal renal function (n = 6); mild (n = 6), moderate (n = 6), or severe (n = 6) renal impairment; and end-stage renal disease (ESRD) with and without hemodialysis (n = 7). Relative to normal renal function, geometric mean area under the plasma concentration-time curve from time zero to infinity increased 53%, 129%, and 339%, and mean half-life was 1.2-, 1.9-, and 3.9-fold higher with mild, moderate, and severe renal impairment, respectively. Renal excretion of unchanged solriamfetol over 48 hours was 85.8%, 80.0%, 66.4%, and 57.1% in normal, mild, moderate, and severe renal impairment groups, respectively; mean maximum concentration and time to maximum concentration did not vary substantially. Decreases in solriamfetol clearance were proportional to decreases in estimated glomerular filtration rate. Geometric mean area under the plasma concentrationtime curve from time zero to time of last quantifiable concentration increased 357% and 518% vs normal in ESRD with and without hemodialysis, respectively, with half-life >100 hours in both groups. Over the 4-hour hemodialysis period, ß21% of solriamfetol dose was removed. Adverse events included headache (n = 1) and nausea (n = 1). Six days after dosing, 1 participant had increased alanine and aspartate aminotransferase, leading to study discontinuation. While these adverse events were deemed study-drug related, they were mild and resolved. Results from this study combined with population pharmacokinetic modeling/simulation suggest that solriamfetol dosage adjustments are necessary in patients with moderate or severe but not with mild renal impairment. Due to significant exposure increase/prolonged half-life, dosing is not recommended in patients with ESRD.
Solriamfetol ([R]-2-amino-3-phenylpropylcarbamate hydrochloride) is a selective dopamine and norepinephrine reuptake inhibitor. At micromolar concentrations, solriamfetol selectively binds to and inhibits reuptake at dopamine and norepinephrine transporters without promoting monoamine release. 1, 2 Solriamfetol (formerly known as JZP-110, R228060, ADX-N05, and YKP-10A) is a wake-promoting agent that is being developed at daily doses of 75 mg to 300 mg for the treatment of excessive daytime sleepiness associated with narcolepsy and obstructive sleep apnea (OSA). In phase 3 trials in patients with narcolepsy and OSA, solriamfetol demonstrated reductions in excessive daytime sleepiness measured on the patient-reported Epworth Sleepiness Scale, 3 and improvement in objective assessment of wakefulness using the Maintenance of Wakefulness Test, that were statistically significantly greater than placebo. [4] [5] [6] Significantly higher percentages of participants treated with solriamfetol in these trials also reported improvement on the Patient Global Improvement of Change scale relative to placebo at all evaluated time points.
Solriamfetol has high solubility and high permeability and is considered a Biopharmaceutics Classification System class 1 compound. Solriamfetol is rapidly absorbed after oral administration, with median time to maximum plasma concentration (C max ) at 2 hours after dosing and an apparent elimination half-life (t 1/2 ) of ß6 hours. 7 Consumption of a high-fat, high-calorie meal does not change the rate and extent of solriamfetol exposure but delays time to C max by 1 hour, which likely has minimal clinical significance. 7 The major route of solriamfetol elimination is via urinary excretion, with approximately 90% of drug excreted unchanged within 48 hours, and ß1% of the dose excreted as the minor metabolite, N-acetyl solriamfetol. 7 Renal impairment, as well as hemodialysis in individuals with end-stage renal disease (ESRD) could affect the pharmacokinetics (PK) of solriamfetol. Therefore, in accordance with US Food and Drug Administration guidance for PK studies in patients with impaired renal function, 8 this study was designed to evaluate the PK of solriamfetol in participants with renal impairment and those with ESRD undergoing hemodialysis compared with healthy participants with normal renal function. Preliminary results from this study have previously been presented.
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Methods
Study Design
This phase 1, parallel-group, open-label, single-dose study to assess the effects of renal impairment and hemodialysis on PK and safety of solriamfetol was performed at 2 sites in the United States between October and December 2015, and in accordance with US Food and Drug Administration guidance. 8 The protocol was approved by the IntegReview Institutional Review Board (Austin, Texas), and the study was conducted in compliance with the protocol, the Guideline for Good Clinical Practice E6; the US Code of Federal Regulations pertaining to conduct and reporting of clinical studies; the Clinical Trials Directive of the European Medicines Agency (Directive 2001/20/EC); and the Declaration of Helsinki. Written informed consent was obtained from each subject before enrollment in the study and before performance of any study-related procedure.
Participants
Eligible participants were men and nonpregnant, nonlactating women between the ages of 18 and 80 years, with a body mass index (BMI) ࣘ35 kg/m 2 . Women of childbearing potential were required to have used a medically accepted method of birth control for at least 2 months before the first dose of study drug, with continued use throughout the study period and for 30 days after study completion. Participants were excluded if they had a clinically significant medical abnormality (other than renal impairment or its underlying causes), or any unstable conditions including neurological or psychiatric disorder; hepatic, endocrine, cardiovascular, gastrointestinal, pulmonary, or metabolic disease; or any other abnormality that could interfere with the PK evaluation of the study drug or the participant's completion of the trial.
Eligible participants were assigned to 1 of 5 groups according to renal disease status as measured by the estimated glomerular filtration rate (eGFR) on the day before dosing, calculated using the Modification in Diet in Renal Disease equation. 10 Group 1 consisted of healthy participants with normal renal function (eGFR ࣙ 90 mL/min/1.73 m 2 ), and served as the control group. Groups 2, 3, and 4 had mild, moderate, and severe renal impairment based on eGFRs of 60 to 89, 30 to 59, and <30 mL/min/1.73 m 2 , respectively. Group 5 consisted of participants with ESRD who required ࣙ3 hemodialysis treatments per week for the preceding 3 months. Every effort was made to ensure that the groups were comparable with respect to age, sex, and BMI. Group 1 was enrolled last to facilitate matching the mean age, BMI, and sex distribution of Groups 2 through 5.
Among participants with impaired renal function, continued use of medications necessary for treatment of renal function and/or coexisting disease was allowed, with the exception of monoamine oxidase inhibitors and medications with known risk for torsade de pointes.
Protocol
Groups 1 through 4 received one 75-mg dose of solriamfetol on day 1; Group 5 received one 75-mg dose on day 1 followed by 4-hour hemodialysis (designated Group 5.2), and one 75-mg dose on day 8 without hemodialysis (designated Group 5.1). All doses were administered on an empty stomach following an overnight fast except for participants in Group 5, who received a standardized snack on day 7 and breakfast early on day 8 before starting an 8-hour fast. Participants remained fasting for 4 hours after administration, with water allowed except for 1 hour before and after dosing.
In this study, 75-mg solriamfetol was selected as the dose for administration in participants with renal impairment, as it was considered sufficiently low and potentially safe for this population, especially considering the likelihood of higher and/or prolonged exposure to solriamfetol. The 75-mg dose was expected to result in plasma concentrations of solriamfetol that were above the assay detection level at time points sufficient to characterize the PK profile.
Serial blood samples of ß4 mL were collected within 30 minutes before dosing and at 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10, 12, 24, 36 , and 48 hours after dosing in Groups 1 through 5, with continued sampling at 60 and 72 hours after dosing in Groups 4 and 5. All blood samples were collected into labeled K 2 ethylenediaminetetraacetic acid tubes by direct venipuncture or indwelling catheter and kept on ice until the samples were centrifuged within 30 minutes of collection at ß2500 rpm (1315 × g) at 4°C for 10 minutes. The plasma was transferred into polypropylene tubes for freezing and storage at −70°C until analysis.
Urine samples were collected before dosing and for the time intervals of 0 to 4, 4 to 8, 8 to 12, 12 to 24, and 24 to 48 hours in Groups 1 through 5, with additional collection for the 48-to 72-hour time interval in Groups 4 and 5. During the hemodialysis period on day 1 for Group 5, dialysate samples and pre-and postdialyzer paired blood samples were collected before dialysis (2 hours), and at 3, 4, 5, and 6 hours following dosing. Urine and dialysate samples were aliquoted into polypropylene tubes for freezing and storage at −70°C until analysis. All blood, urine, and dialysate samples were shipped on dry ice to a central bioanalytical laboratory.
Bioanalytical analyses were performed by a central laboratory (KCAS, LLC, Shawnee, Kansas) using validated proprietary methods that included extraction/derivatization and liquid chromatography-tandem mass spectrometry. Measurement of solriamfetol was over the linear range of 8.42 to 4210 ng/mL in plasma, 0.21 to 84.2 μg/mL in urine, and 1.68 to 842 ng/mL in dialysate. Assay performance was monitored by spiking blank human matrices with positive controls and internal standards to generate standard-curve and quality control samples. After derivatization, samples were chromatographed on a C8 reversed phase analytical high-performance liquid chromatography column, with subsequent monitoring using an API4000 liquid chromatography-tandem mass spectrometry unit (Sciex, Framingham, Massachusetts). Quantification was based on setting a calibration graph using the internal standard method. Coefficients of variation (CVs) for quality control samples at lower limits of quantitation were 3.2% to 6.0% in the plasma samples, 1.6% to 5.6% for the urine samples, and 3.5% to 7.1% for the dialysate samples.
Pharmacokinetic and Statistical Analyses
The following plasma PK parameters were evaluated using noncompartmental analysis in Phoenix R WinNonlin R Version 6.3: C max ; time to reach C max following drug administration (t max ); t 1/2 ; area under the plasma concentration-time curve from time zero to time of last quantifiable concentration (AUC t ); AUC from time zero to infinity (AUC Ý ); apparent total clearance of the drug from plasma after oral administration (CL/F); and apparent volume of distribution (V d /F).
The PK parameters for solriamfetol in urine included the amount of unchanged drug excreted in urine over 48 or 72 hours, the fraction of the dose excreted unchanged in urine, and renal clearance of the drug.
For participants on hemodialysis (Group 5), the additional PK parameters included the amount of solriamfetol cleared by the 4-hour hemodialysis (A dial ); the fraction of dose removed by the 4-hour hemodialysis; and hemodialysis clearance (CL dial ) calculated as
where AUC dial is the area under the predialyzer plasma concentration-time curve during the hemodialysis period.
PK parameters were summarized by group using descriptive statistics. To assess differences in PK between each level of renal impairment (Groups 2-5) versus participants with normal renal function (Group 1), a linear effects model was used to compare natural logtransformed PK parameters (C max , AUC t , and AUC Ý ). For Group 5, the participants without dialysis on day 8 (Group 5.1) and the participants who received dialysis on day 1 (Group 5.2) were analyzed and compared separately.
Point estimates and 90% confidence intervals (CIs) for differences on the natural log scale were exponentiated to obtain estimates for ratios of geometric means on the original scale. The 90%CIs around the geometric means ratios were presented for each pairwise comparison and expressed as a percentage relative to the geometric means of the reference group (Group 1). The interparticipant CV was estimated. To evaluate effects of dialysis on PK parameters for Group 5, an analysis of variance model was used that included "Day" as a fixed effect and measurements within the participant as a repeated measure. Day 8 was used as the reference for comparison. In addition, nonparametric analysis was conducted for t max as appropriate.
All statistical analyses were conducted using SAS version 9.3 (SAS Institute, Cary, NC).
Tolerability Assessment
Tolerability was evaluated based on the occurrence of treatment-emergent adverse events (TEAEs) regardless of causality. The identification of serious TEAEs and grading of TEAEs (mild, moderate, or severe) were according to International Conference on Harmonisation guidelines. 11 TEAEs were coded using the Medical Dictionary for Regulatory Activities system version 18.0 to classify events under primary system organ class and preferred term. The relationship of TEAEs to the study drug, including categories of "related," "suspected to be related," or "not related," was determined by the clinical staff. Other safety parameters included clinical laboratory testing, vital signs, electrocardiography, and physical examination. 
Results
Demographics
Of the 31 participants who were enrolled and received treatment (6 participants in each of Groups 1-4 and 7 participants in Group 5), 30 participants (97%) completed the study. One participant from Group 5 discontinued due to adverse events. Participant demographics (Table 1) show that most participants in Groups 1 through 4 were white; however, most participants in Group 5 were black. There were at least 2 participants per sex in each group, and mean age for Groups 1 through 4 were comparable, with an overlap in the range; the age range in Group 5 was lower than in the other groups. Mean BMI for Groups 1 through 5 were comparable, with an overlap in the range. Furthermore, all participants in Group 1 matched the mean age (±10 years) and BMI (±20%) of participants in Groups 2 through 5.
Plasma Pharmacokinetics
For all study groups, mean PK parameters are summarized in Table 2 and mean plasma solriamfetol concentration-time profiles are shown in Figures 1A  and 1B . In general, mean C max and t max were not substantially affected by renal impairment across Groups 1 through 4 (Table 2 ). However, solriamfetol AUC and t 1/2 values increased with increasing levels of renal impairment. Solriamfetol mean ± standard deviation (SD) overall exposure (AUC Ý ) increased from 5273 ± 4104 ng ࢫ h/mL in participants with normal renal function to 6836 ng ࢫ h/mL ± 1730 in Group 2 (mild impairment), 10 470 ± 3642 in Group 3 (moderate impairment), and 23 650 ± 16 776 in Group 4 (severe impairment) ( Table 2) . Similarly, solriamfetol mean ± SD t 1/2 was 7.6 ± 5.1 hours in participants with normal renal function and increased with greater levels of renal impairment: 9.1 ± 1.6, 14.3 ± 4.5, and 29.6 ± 14.4 hours in Groups 2, 3, and 4, respectively (Table 2) . While CL/F decreased with greater levels of renal impairment, there were no substantial changes in V d /F (Table 2) . A plot of solriamfetol CL/F versus day -1 eGFR for Groups 1 through 4 is presented in Figure 2 . This relationship is best described by the equation:
Solriamfetol CL/F(L/h) = 0.63184 + 0.16463
Among participants with ESRD (Group 5), overall exposure (AUC t ) was approximately 5-fold higher for participants without dialysis on day 8 (Group 5.1; 25 580 ± 4544 ng ࢫ h/mL) and about 4-fold higher among participants with dialysis on day 1 (Group 5.2; 18 920 ± 3131) relative to Group 1 (4849 ± 3454) ( Table 2 ). Mean t 1/2 values exceeded 100 hours in both Group 5.1 (100.5 hours) and Group 5.2 (164.7 hours) ( Table 2) , and compared with Group 1, C max values were slightly lower and t max values differed significantly (P ࣘ .05 for both).
Ratios of geometric means and their associated 90% CIs for the pairwise comparisons of solriamfetol plasma PK parameters for Groups 2 through 5 vs Group 1 are presented in Table 3 . As shown, small increases were observed in C max , which was approximately 6%, 4%, and 11% higher in Groups 2, 3, and 4, respectively, versus Group 1. However, total solriamfetol exposure (AUC Ý ) in Groups 2, 3, and 4 was 53%, 129%, and 339% higher, respectively, relative to Group 1. In participants with ESRD, C max was approximately 3% and 19% lower in Groups 5.1 (ESRD without hemodialysis) and 5.2 (ESRD with hemodialysis), respectively, versus Group 1, and exposure was approximately 518% and 357% higher in the 2 groups versus Group 1.
Urinary Excretion
Renal clearance and the cumulative amount of solriamfetol excreted in urine decreased as renal impairment increased (Table 4) . In Group 1, the mean ± SD percentage of solriamfetol recovered unchanged in urine over 48 hours was 85.8% ± 7.7% and decreased to 80.0% ± 9.0%, 66.4% ± 12.8%, and 57.1% ± 18.6% in Groups 2, 3, and 4, respectively. Mean solriamfetol renal clearance also decreased with renal impairment, from 17.0 ± 7.7 L/h in the normal renal function group to 9.3 ± 1.6 L/h in Group 2, 5.8 ± 2.0 L/h in Group 3, and 3.8 ± 2.6 L/h in Group 4. Only 1 participant made urine and was able to provide data (n = 6) (n = 6) (n = 6) (n = 6) (n = 6) (n = 7) in Group 5, and the cumulative amount of solriamfetol excreted in urine was lower with hemodialysis, 42.1%, compared with 52.9% without hemodialysis.
Dialysate Parameters
Over the 4-hour hemodialysis period on day 1 for participants with ESRD, the mean ± SD cumulative fraction of the 75-mg solriamfetol dose removed was 20.6% ± 1.7% (range 19.2% to 24.1%), and the hemodialysis clearance was 12.4 ± 1.5 L/h (range, 11.3-15.9 L/h).
Tolerability
There were no deaths or other serious adverse events during this study. A total of 4 participants (13%), 1 each in Groups 2 and 3, and 2 in Group 5 (1 with and 1 without hemodialysis), reported 5 TEAEs (Table 5) , including single events of nausea, skin abrasion, and headache in 1 participant each, and an increase in alanine aminotransferase (ALT; to 144 IU/L; reference range, 8-54 IU/L) and aspartate aminotransferase (AST; to 66 IU/L; reference range, 8-40 IU/L) observed 6 days after dosing in 1 participant that led to discontinuation. All TEAEs were considered by the investigator to be mild, and all but the skin abrasion were considered to be related to study drug. All TEAEs resolved, including the increased ALT and AST, which resolved on day 11. No other abnormal laboratory findings were considered clinically meaningful. No clinically significant abnormal findings were observed in vital sign and electrocardiographic measurements.
Discussion
This study showed that consistent with renal excretion of unchanged drug being the primary route of elimination, renal impairment increases overall exposure to solriamfetol, with the magnitude of the increase reflecting the level of impairment. The incremental decreases in CL/F with worsening renal function resulted in corresponding increases in overall solriamfetol exposure that was 53% for mild, 129% for moderate, and 339% for severe impairment relative to normal renal function. Increasing renal impairment was also associated with decreasing cumulative percentage of solriamfetol excreted in urine. Additionally, as there were no substantial changes in V d /F, the decreases in solriamfetol CL/F resulted in increased t 1/2 by approximately 1.2-, 1.9-, and 3.9-fold in participants with mild, moderate, and severe renal impairment, respectively, compared with participants with normal renal function.
In this regard, it should also be noted that while C max values were not substantially affected by renal impairment, the observed increases in t 1/2 associated with renal impairment are expected to translate to changes in steady-state C max that are not fully accounted for by the single-dose regimen evaluated in the current study, due to accumulation.
Consistent with the inability of ESRD participants requiring hemodialysis to eliminate solriamfetol via renal excretion, these participants had increased overall exposure to solriamfetol (ࣙ4-fold), longer t 1/2 values (ࣙ13-fold), and slightly lower C max values (ࣘ19%), relative to participants with normal renal function. Furthermore, ESRD participants had lower solriamfetol C max and AUC t values after undergoing a 4-hour hemodialysis session, with 20.6% of the solriamfetol dose removed as unchanged drug. Notably, the solriamfetol hemodialysis clearance of 12.4 L/h estimated from solriamfetol recovered in the dialysate was approximately 30% lower than solriamfetol renal clearance in participants with normal renal function.
This analysis and the results reported may be especially relevant to the OSA patient population which has relatively high rates of impaired renal function. [12] [13] [14] [15] Conversely, studies in participants with chronic kidney disease have reported high rates of comorbid OSA determined by polysomnography, ranging from 16% to 65%. [16] [17] [18] [19] [20] [21] Reviews of study data on the relationship between OSA and chronic kidney disease/ESRD suggest that both conditions may mutually increase risks of their concomitant occurrence, possibly through other comorbidities and risk factors common to each, such as hypertension, obesity, cardiovascular disease, metabolic disorders, and diabetes. [22] [23] [24] However, some data also suggest that OSA may be a direct, independent risk factor for chronic kidney disease, possibly through pathogenic mechanisms such as hypoxia and reninangiotensin system activation. [22] [23] [24] Therefore, clinicians treating patients with excessive daytime sleepiness who have OSA should take into consideration potential risk factors for impaired renal function.
Dose adjustment recommendations in patients with renal impairment are based on combined analyses of renal impairment study data and population PK modeling/simulation. The goal is to adjust the dose in renally impaired patients to achieve similar steadystate exposures as in participants with normal renal function. These analyses suggest that adjustments to solriamfetol dosage are not needed in patients with mild renal impairment but are necessary in patients with moderate or severe renal impairment. Dosing is not recommended in patients with ESRD due to significant exposure increase and t 1/2 prolongation in this population.
Despite the disparities in exposure to solriamfetol, the 5 TEAEs that were reported showed no distinct pattern. However, the TEAEs of increased ALT and AST that led to discontinuation (and resolved 5 days after onset) occurred in a Group 5 participant. All TEAEs were judged mild in severity, all were considered treatment related, and all resolved.
Conclusions
Solriamfetol exposure and t 1/2 increased, and urinary recovery of solriamfetol decreased with increasing levels of renal impairment, while C max was essentially unchanged. The apparent oral clearance of solriamfetol was approximately proportional to renal function as measured by eGFR. In participants with ESRD requiring hemodialysis, solriamfetol AUC was lower in participants who underwent 4-hour hemodialysis 2 hours after dosing compared with participants without hemodialysis but was still nearly 4-fold higher than in participants with normal renal function. The mean cumulative fraction of the solriamfetol 75-mg dose removed by hemodialysis was 20.6%. These results show that renal impairment affects the PK of solriamfetol in a manner consistent with current knowledge of its PK properties. The safety profile of solriamfetol in this study was consistent with clinical research in larger patient populations. Combined analyses based on the current study data and population PK modeling/simulation suggest that adjustments to solriamfetol dosage are not needed in patients with mild renal impairment but are necessary in patients with moderate or severe renal impairment. Dosing is not recommended in patients with ESRD due to significant exposure increase and t 1/2 prolongation in this population.
